Cells must appropriately sense and integrate multiple metabolic resources to commit to 11 proliferation. Here, we report that cells regulate carbon and nitrogen metabolic homeostasis 12 through tRNA U 34 --thiolation. Despite amino acid sufficiency, tRNA--thiolation deficient cells appear 13 amino acid starved. In these cells, carbon flux towards nucleotide synthesis decreases, and trehalose 14 synthesis increases, resulting in a starvation--like metabolic signature. Thiolation mutants have only 15 minor translation defects. However, these cells exhibit strongly decreased expression of phosphate 16 homeostasis genes, resulting in an effectively phosphate--limited state. Reduced phosphate enforces 17 a metabolic switch, where glucose--6--phosphate is routed towards storage carbohydrates. Notably, 18 trehalose synthesis, which releases phosphate and thereby restores phosphate availability, is central 19 to this metabolic rewiring. Thus, cells use thiolated tRNAs to perceive amino acid sufficiency, and 20 balance carbon and amino acid metabolic flux to maintain metabolic homeostasis, by controlling 21 phosphate availability. These results further biochemically explain how phosphate availability 22 determines a switch to a 'starvation--state'. diverted away from the pentose--phosphate pathway/nucleotide synthesis axis, and towards storage 75 carbohydrates trehalose and glycogen. This thereby alters cellular commitments towards growth 76 and cell cycle progression. Counter--intuitively, we discover that this metabolic--state switch in cells 77 lacking tRNA thiolation is achieved by down--regulating a distant metabolic arm of phosphate 78 homeostasis. We biochemically elucidate how regulating phosphate balance can couple amino acid 79 and carbon utilization towards or away from nucleotide synthesis, and identify trehalose synthesis 80 as the pivotal control point for this metabolic switch. Through these findings we show how tRNA 81 thiol--modifications couple amino acid sensing with overall metabolic homeostasis. We further 82 present a general biochemical explanation for how inorganic phosphate homeostasis regulates 83 commitments to different arms of carbon and nitrogen metabolism, thereby determining how cells 84 commit to a 'growth' or 'starvation' state. 85 86 87 Results 88 89 Amino acid and nucleotide metabolism are decoupled in tRNA thiolation deficient cells 90
Introduction

24
Cells utilize multiple mechanisms to sense available nutrients, and appropriately alter their 25 internal metabolic state. Such nutrient--sensing systems assess internal resources, relay this 26 information to interconnected biochemical networks, and control global responses that collectively 27 reset the metabolic state of the cell, thereby determining eventual cell fate outcomes (Jeong et al., 28 point readout. We observed significantly decreased carbon label incorporation towards new 166 nucleotide synthesis (GMP and AMP) in the thiolation mutants ( Figure 2B and S3A ). This result is also 167 consistent with the decreased nucleotide synthesis based on amino acid derived nitrogen 168 assimilation, observed earlier ( Figure 1E ). Note: in this time--frame it is technically difficult to 169 estimate 13 C--glucose incorporation into glycolytic and pentose phosphate pathway intermediates 170 (2/3--phosphoglycerate, 6--phosphogluconate, ribose--5--P/ribulose--5--P, sedoheptulose--7--P), since the 171 carbon--label incorporation rapidly saturates (Van Heerden et al., 2014) . Therefore, as expected, 172 amounts of these labelled metabolites were unchanged in WT and thiolation mutant cells (Figure 173 S3B).
174
Next, we directly assessed trehalose and glycogen levels biochemically, as the end--point 175 metabolic readouts of the alternative arm where glucose--6--phosphate is diverted away from the 176 PPP. We first estimated the steady--state amounts of trehalose and glycogen with a biochemical 177 assay, and observed a marked increase in these metabolites in the thiolation mutants ( Figure 2C and 178 S3C). Subsequently, we directly estimated flux towards trehalose synthesis, using [U--13 C 6 ]--labelled 179 glucose in a similar metabolic flux measurement as described earlier. Here, we observed a strong 180 increase in the synthesis of trehalose (M+6 and M+12 mass isotopomers) in the tRNA thiolation 181 mutants ( Figure 2D ). These data together reveal that carbon flux is re--routed in the thiolation 182 mutants towards the storage carbohydrates, and away from nucleotide synthesis. Collectively, these 183 results show that cells lacking tRNA thiolation rewire metabolic outputs towards storage 184 carbohydrates, suggesting a 'starvation--like' metabolic state. Notably, this occurs despite the 185 absence of glucose (carbon) or amino acid (nitrogen) limitation in these cells. and this has been the case for tRNA thiolation mutants. However, a simple yeast system, termed 190 'yeast metabolic cycles' or metabolic oscillations, has been effective in identifying regulators that couple metabolism with cell growth/cell--division (Tu et al., 2005; Slavov and Botstein, 2011) . In 192 continuous, glucose--limited cultures, yeast cells exhibit robust metabolic oscillations, which are 193 tightly coupled to the cell division cycle, and where DNA replication and cell division are restricted to 194 a single temporal phase (Tu et al., 2005; Chen et al., 2007) . In an earlier study we had observed that 195 tRNA thiolation mutants exhibit abnormal metabolic cycles (Laxman et al., 2013) . This was 196 reminiscent of phenotypes exhibited by mutants of cell division cycle regulators (Chen et al., 2007) .
197
We therefore asked if tRNA thiolation coupled metabolic and cell division cycles. To test this, we 198 sampled the cells at regular intervals of time during the metabolic cycles, and determined their 199 budding index. While WT cells showed synchronized cell cycle progression, tRNA thiolation mutants 200 showed asynchronous cell division ( Figure 3A ), suggesting a de--coupling of metabolic and cell 201 division cycles. Given our earlier data showing a metabolic rewiring away from nucleotide synthesis 202 in thiolation mutants, we hypothesized that tRNA thiolation controlled normal cell cycle progression 203 by regulating the balance between nucleotide synthesis, and storage carbohydrate synthesis.
204
To test this directly, we arrested cells in G1--phase using alpha factor, synchronously released 205 them into the cell cycle by washing away the alpha factor, and monitored cell cycle progression by 206 flow cytometry ( Figure 3B ). 30 min post--release from G1--arrest, we observed delayed cell cycle 207 progression and accumulation of cells in the S--phase in tRNA thiolation deficient cells. Further, using 208 time lapse live--cell microscopy we found that the duration of the S--G2/M phase was longer in 209 thiolation mutants ( Figure 3C and Figure 3D ). Since nucleotides are required for DNA replication 210 during the S--phase of the cell cycle, we reasoned that that this S--phase delay is due to decreased flux 211 towards nucleotide synthesis in thiolation mutants. To investigate this, we examined the sensitivity 212 of WT and thiolation deficient cells to hydroxyurea (HU), which inhibits the ribonucleotide reductase 213 (RNR) enzyme and arrests cells in the S--phase. Thiolation mutants exhibited increased sensitivity to 214 HU ( Figure 3E and S4A ). This observed HU sensitivity was not due to a defect in the activation of the 
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footprint read correlations, as well as read--length distributions. Using these datasets, we compared 232 global gene expression, as well as ribosome footprints of WT cells with the uba4Δ and ncs2Δ 233 thiolation mutants ( Figure 4A ). Notably, comparing WT cells with the thiolation mutants (uba4Δ and 234 ncs2Δ), we find exceptional correlation for transcripts, as well as ribosome footprints (R 2 >0.97, and 235 p<=2.2x10 --16 for all datasets) ( Figure 4A and 4B). These data surprisingly revealed that there are very 236 little gene expression or translation changes observed in the thiolation mutants, with fewer than 30 237 genes up or downregulated at a two--fold change cutoff (arbitrarily used to illustrate the point), 238 compared to WT cells ( Figure 4A and 4B ). Furthermore, we observe only modest increases in 239 ribosome--densities at codons recognized by thiolated tRNAs - AAA, CAA and GAA in the uba4Δ and 240 ncs2Δ cells ( Figure  S5C ). Collectively, these extensive analysis show that the loss of tRNA thiolation has minimal effects on translational outputs in vivo, and any changes observed in the translation 242 rates are likely driven by changes at the transcriptional level.
243
Given the lack of large--scale changes at the transcriptional and translational levels, but 244 robust effects of thiolation mutants on cellular metabolism, we focused on changes in expression 245 levels of genes involved in metabolic pathways. We first examined several general amino acid 246 control (GAAC) response genes, including Gcn4 targets in amino acid biosynthetic pathways, and 247 expectedly found these to be transcriptionally upregulated in the thiolation deficient cells ( Figure   248 4C). Additionally, as expected, we observed small increases in GCN4 translation in the thiolation 249 mutants ( Figure  S6A ). These data collectively corroborate our earlier data from Figure  1 , and agrees 250 with previous reports (Zinshteyn and Gilbert, 2013; Nedialkova and Leidel, 2015) . Also consistent 251 with our earlier data, most nucleotide biosynthesis genes showed an increase in mRNA and 252 ribosome--footprint abundances in the thiolation deficient cells ( Figure S6B ). In these datasets, there 253 were also no obvious changes in central carbon metabolism genes in thiolation mutants. We also 254 found small decreases in the transcription and translation rates of all large and small subunit genes 255 of ribosomes in uba4Δ and ncs2Δ cells at the translational level ( Figure  S6C ), consistent with earlier 256 observations (Laxman et al., 2013; Nedialkova and Leidel, 2015) .
257
However, in the course of this extensive functional, we observed that an unusual group of 258 ~2 0 genes were strongly down--regulated in the thiolation mutants, both at the transcript and 259 ribosome--footprint levels ( Figure  4D ). Although these do not obviously group into a single category 260 based on gene--ontology (GO), we noted that these were functionally related to a metabolic node.
261
These genes are all part of the PHO regulon, which regulates phosphate homeostasis in cells 262 (Ljungdahl and Daignan--Fornier, 2012; Secco et al., 2012) . This downregulation of these PHO related 263 genes was exceptionally significant (p<10 --7 ), compared to other genes across the genome, both at 264 the level of transcript abundances and ribosome--footprints ( Figure  4E ). Also notably, the unaltered 265 gene transcripts/ribosome footprints in the PHO regulon (PHO2, PHO4, PHO80, PHO85, PHO87, phosphate transporters that are not transcriptionally/translationally regulated, but are regulated at 268 the level of their activity (Lemire et al., 1985; Toh--E and Shimauchi, 1986; Madden et al., 1988;  269 Yoshida et al., 1989; Madden, Johnson and Bergman, 1990; Schneider, Smith and O'Shea, 1994;  270 Ogawa et al., 1995; Lenburg and O'Shea, 1996; Auesukaree et al., 2003) . Finally, we also observed 271 that some genes related to phospholipid metabolism were downregulated in the thiolation mutants 272 ( Figure S6D ). Collectively, these data unexpectedly revealed a strong downregulation of genes 273 related to phosphate homeostasis in the tRNA thiolation mutants.
275
Phosphate depletion in wild--type cells phenocopies tRNA thiolation mutants 276
Inorganic phosphate (Pi) homeostasis is complex, but critical for overall nutrient and O' Shea, 2001; Boer et al., 2003 Boer et al., , 2010 Saldanha, Brauer and Botstein, 2004; Gresham et al., 283 2011; Levy et al., 2011; Choi et al., 2017; Gurvich, Leshkowitz and Barkai, 2017) . In general, the PHO 284 response is very sensitive to phosphate limitation, inducing rapidly to restore internal phosphate 285 levels. Extended phosphate starvation switches cells to an overall metabolically starved state. Our 286 observed reduction in PHO related transcripts and ribosome--footprints in the tRNA thiolation 287 mutants was striking. We therefore first biochemically validated our results from the ribosome--288 profiling data. We measured protein amounts of Pho12 and Pho84, two arbitrarily selected PHO 289 genes, in WT cells and the thiolation mutants. These proteins were substantially reduced in uba4Δ 290 and ncs2Δ cells ( Figure 5B ). This suggests that the thiolation mutants were effectively in a 291 constitutively phosphate--limited state. To test this, we next asked if phosphate starvation resembles
292
the key metabolic hallmarks of the thiolation mutants. We first biochemically estimated amounts of trehalose in WT cells with or without phosphate starvation, and found a robust increase in trehalose 294 after phosphate starvation ( Figure 5C ). We next measured Gcn4 (protein) in WT cells, with or 295 without phosphate starvation. Here, we observed a strong induction in Gcn4 protein upon 296 phosphate starvation ( Figure 5D ). Thus, these data from WT cells starved of phosphate strikingly 297 phenocopied the tRNA thiolation mutants. This is also strikingly consistent with earlier metabolic 298 profiling studies of responses to phosphate limitation, which also observed higher amino acid and 299 low nucleotide levels under these conditions (Boer et al., 2010) . We therefore conclude that the 300 tRNA thiolation mutants are effectively phosphate--limited, and have altered phosphate 301 homeostasis, due to a reduction in the PHO related genes. This effective phosphate limitation is 302 responsible for the metabolic state switch in these cells. 1980; Boer et al., 2003 Boer et al., , 2010 , this more extensive metabolic rewiring has not been carefully 313 analyzed, and a biochemical explanation for this is missing. We wondered if some overlooked 314 biochemical process could explain why a perturbation in phosphate homeostasis connects to the 315 synthesis of storage carbohydrates trehalose and glycogen, as also seen in tRNA thiolation mutants.
316
To address this, we carefully examined all the metabolic nodes altered in the tRNA thiolation 317 mutants, evaluating necessary co--factors and products of each pathway, and looking for possible 318 connections to phosphate. Here, we noted an apparently minor, largely ignored output in the arm of carbon metabolism, where glucose--6--phosphate is routed towards trehalose synthesis. The first step 320 of trehalose synthesis is the formation trehalose--6--phosphate (T--6--P), carried out by trehalose--6--321 phosphate synthase (Tps1). This is followed by the dephosphorylation of T--6--P by Tps2 (Virgilio et al., 322 1993), forming trehalose ( Figure 6A ). We noted that this Tps2--dependent second step is 323 accompanied by the release of free, inorganic phosphate (Pi) ( Figure 6A ). Canonically, these two 324 steps are viewed as an apparently futile trehalose cycle during glycolysis, regenerating glucose, in 325 order to maintain balanced glycolytic flux (van Heerden et al., 2014; Van Heerden et al., 2014) .
326
However, we reasoned that if the availability of inorganic phosphate is limiting, a shift to trehalose 327 synthesis can be a way by which cells can liberate Pi, and restore phosphate levels. For this to be 328 generally true, the prediction is that during phosphate starvation, WT cells must accumulate 329 trehalose in order to recover phosphate. As shown earlier, this is exactly what is observed in WT 330 cells limited for phosphate ( Figure 5C ), and in the tRNA thiolation mutants ( Figure 2C and 2D) which 331 are effectively phosphate limited due to a reduction in the PHO genes.
332
Given the central role of phosphate, cells utilize all means possible to restore internal 333 phosphate (Ljungdahl and Daignan--Fornier, 2012). Therefore it is experimentally challenging to study 334 changes in phosphate homeostasis in cells. However, we directly tested the hypothesis that 335 trehalose synthesis is a direct way for cells to restore internal phosphate in tRNA thiolation mutants, 336 by utilizing cells lacking TPS2. These cells cannot complete trehalose synthesis, and importantly 337 cannot release phosphate ( Figure 6A ). We first measured the intracellular Pi levels in WT cells, 338 thiolation mutants (uba4Δ), cells lacking Tps2p (tps2Δ), and cells lacking tRNA thiolation as well as
339
Tps2p (uba4Δ tps2Δ). pho85Δ cells were used as a control, since they exhibit intrinsically higher 340 intracellular Pi levels (Liu et al., 2017) . We observed that in cells lacking TPS2 (tps2Δ) intracellular Pi 341 levels were substantially lower (~75--80%) relative to WT cells ( Figure 6B and S7A ). This suggests that 342 while other pathways (phosphate uptake, glycerol production and vacuolar phosphate export)
343
remain relevant, Tps2p--mediated Pi release by dephosphorylation of trehalose--6--P is itself important 344 for maintaining internal phosphate levels. Importantly, uba4Δ cells had only slightly reduced intracellular Pi levels (~90%) relative to WT cells ( Figure 6B and S7A) . This is consistent with the 346 prediction that due to reduced PHO expression in these cells, they compensate phosphate through 347 increased trehalose synthesis. Contrastingly, the uba4Δ tps2Δ cells showed a dramatic reduction in
348
Pi levels (~65%), compared to either of their single mutants. This striking reduction in Pi levels in 349 these cells is consistent with the predicted outcome, where an inability to release phosphate from 350 trehalose (tps2Δ) is also coupled with reduced expression of phosphate assimilation genes (uba4Δ).
351
Next, we tested possible genetic interactions between tps2Δ and thiolation mutants (uba4Δ and 
359
show a severe synthetic growth defect ( Figure 6D ).
360
Collectively 
372
A comprehensive model emerges from our studies, explaining how high amounts of thiolated 373 tRNAs reflect a 'growth state', while reduced tRNA thiolation reflect a 'starvation state' (Fig 7) . Here, state. Collectively, our study reveals how tRNA thiolation appropriately regulates metabolic outputs 390 by controlling phosphate homeostasis, thereby enabling cells to commit to growth (Fig 7) .
391
Intriguingly, this correlation of tRNA thiolation with growth and rewired metabolism is now emerging in cancer development (McMahon and Ruggero, 2018; Rapino et al., 2018) , suggesting 393 possibly conserved metabolic roles for these modified tRNAs.
394
A modified tRNA is an unusual but effective mechanism to coordinately regulate metabolic as a means to achieve this. Co--opting tRNAs (which are the translation components most closely 411 linked to amino acids) to control metabolic states can therefore be an efficient means to ensure 412 appropriate commitments to growth and proliferation, and maximize cellular fitness.
413
More generally, our findings biochemically explain how phosphate homeostasis determines the 414 extent of carbon and nitrogen flux towards nucleotide synthesis. While it is textbook knowledge that 415 inorganic phosphate is important for glucose homeostasis (Mason et al., 1981; Boyle, 2005; van 416 Heerden et al., 2014; Van Heerden et al., 2014) , the biochemical connection of phosphate balance to carbon and nitrogen flux remains poorly explained. Studies have long observed that trehalose 418 increases upon phosphate starvation (Lillie and Pringle, 1980; Klosinska et al., 2011) , and TPS2 is also 419 upregulated (Ogawa, DeRisi and Brown, 2000) . In these conditions, central carbon metabolism is 420 down, and phosphate limitation is a 'general starvation' cue (Brauer et al., 2008; Boer et al., 2010;  421 Gurvich, Leshkowitz and Barkai, 2017) . Why this occurs has not been immediately apparent. Our 422 study, identifying the trehalose shunt as a way to restore phosphate balance, explains these 423 observations. These data also biochemically explain earlier observations from pathogenic fungi,
424
which show that that the amount of trehalose synthesis determines flux through the pentose 425 phosphate pathway, and nitrogen metabolism (Wilson et al., 2007) . Additionally, a recent study 426 observed that phosphate starvation results in not just better cell survival in limited nutrient 427 conditions, but also promotes efficient recovery when the nutrients become available (Gurvich,
428
Leshkowitz and Barkai, 2017). Since trehalose accumulation and utilization is tightly coupled with 429 exit and re--entry into cell division cycle respectively (Shi et al., 2010; Shi and Tu, 2013) 
483
Isotope Laboratories) was added to reach a ratio of 50% unlabeled to 50% fully labeled glucose.
484
Metabolites were extracted from ~6 OD 600 cells. Extensive metabolite extraction protocols are 485 described (Walvekar, Rashida, et al., 2018 
533
Phosphate measurement 534 Cells were grown overnight in rich media, washed once and subsequently sub--cultured in minimal 535 media at an initial OD 600 of 0.1 and grown till the OD 600 reaches 0.8--1.0. Free intracellular phosphate 536 levels were determined as described (McNaughton et al., 2010) . Briefly, cells were harvested by 537 centrifugation and washed twice with ice--cold water. Cells were lysed by resuspending in 200 µl 538 0.1% triton X--100 and vortexed for 5 min with glass beads. The lysate was cleared by centrifugation and protein concentration was determined by using bicinchoninic acid assay (23225, Thermo 540 Fisher). 30 µg of whole cell lysate was used for measurement of free intracellular phosphate levels 541 using ammonium molybdate and ascorbic acid colorimetric assay as described (Ames, 1966) .
542
Potassium dihydrogen phosphate solution was used for standard curve (0 to 500 µM KH 2 PO 4 ). The 
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(B) Nucleotide synthesis is decreased in tRNA thiolation mutants. WT and tRNA thiolation mutant 864 cells (ncs2Δ) grown in minimal media were pulse-labelled with [U-13 C 6 ]-labelled glucose for 10 865 minutes to measure newly synthesized nucleotides (GMP and AMP) using mass spectrometry.
866
Percent label incorporation in WT and tRNA thiolation mutant cells was plotted. The incorporation of 
870
(C) Steady-state trehalose and glycogen amounts are increased in tRNA thiolation mutants.
871
Trehalose and glycogen content of WT and tRNA thiolation mutant cells (uba4Δ and ncs2Δ) grown in 872 minimal media was plotted. Data are displayed as means ± SD, n=4 biological replicates with two 873 technical replicates each for trehalose, and n=3 biological replicates with two technical replicates 874 each for glycogen. ***p<0.001, ****p<0.0001. Also see Figures S3C .
875
(D) Trehalose synthesis is increased in tRNA thiolation mutant. WT and tRNA thiolation mutant cells 876 (ncs2Δ) grown in minimal media were pulse-labelled with [U-13 C 6 ]-labelled glucose for 5 minutes to 877 measure newly synthesized trehalose using targeted LC-MS/MS. Normalized peak area of trehalose 878 in WT and tRNA thiolation mutant cells was plotted. The incorporation of 13 C atoms from [U-13 C 6 ]-879 labelled glucose into trehalose is represented as M+n, where n is the number of 13 C-labelled atoms.
880
Data are displayed as means ± SD, n=3. *p<0.05, **p<0.01. 881 882 
890
(B) tRNA thiolation mutants show delayed cell cycle progression. The DNA content of WT and tRNA 891 thiolation mutant cells (uba4Δ and ncs2Δ) grown in minimal media, during G1 arrest (0 min) and after 892 release from G1-arrest (30, 60 and 90 min) was determined by flow cytometry analysis, and is 893 presented.
894
(C and D) Cell cycle duration, distribution of G1 phase duration (red) and S/G2/M phase durations 895 (green) for WT and tRNA thiolation mutant cells (uba4Δ and ncs2Δ) were measured in single cells 896 using time lapse live-cell microscopy. We determined the G1 duration (starting from the time of 897 complete division of mother and daughter cells to bud emergence), and S/G2/M durations (from the 898 time of bud emergence to complete division of mother and daughter cells) for only first generation 899 mother cells. At least 100 cells were analysed for each strain. ns denotes non-significant difference. 900 ****p<0.0001.
901
(E) tRNA thiolation mutants exhibit increased HU sensitivity. WT and tRNA thiolation mutant cells 902 (uba4Δ and ncs2Δ) grown in minimal media were spotted on minimal media agar plates containing 
